With laboratory and numerical work, we demonstrate that one the diffusion coefficients and the smaller eigenvalue of the Fick diffusion matrix are invariant to the number of methylene groups of the alcohol in ternary mixtures composed of an aromatic (benzene), a ketone (acetone) and one three different alcohols (methanol, ethanol or 2-propane). A critical analysis of the relationship between the kinetic and thermodynamic contributions to the diffusion coefficients allows us to explain this intriguing behaviour of this class of mixtures. These findings are reflected by the diffusive behaviour of the according binary subsystems. Our approach provides a promising systematic framework for future investigations of the important and challenging problem of transport diffusion in multicomponent liquids.
is only valid for ideal mixtures 14 . The underlying physical phenomena in non-ideal mixtures are not well understood and the lack of experimental data impedes the development and verification of new predictive equations.
The objective of this study was not only to measure and predict the Fick diffusion coefficient matrix for a series of ternary liquid mixtures, the emphasis rather lied on understanding common features and whether they can be related to the behavior of the pure components and binary subsystems. Three ternary mixtures were selected that are composed of organic compounds, i.e. an aromatic, a ketone and an alcohol. The first two components were throughout benzene (1) and acetone (2) . The third component was one of the alcohols methanol, ethanol or 2-propanol. For each mixture, nine state points along a composition path with a constant content of benzene x 1 =0.33 mol mol −1 were studied at ambient conditions (298.15 K and 0.1 MPa). Seven of the state points were ternary mixtures and two were binary subsystems. To obtain reliable results for the Fick diffusion matrix, two complementary approaches were used, i.e. experiments and predictive molecular simulations. This combination allows for a critical analysis and leads to a deeper understanding of the underlying phenomena 14, 15 .
The Taylor dispersion technique was utilized for the experiments 16, 17 . In this method, a small quantity of mixture with a slightly different composition is injected into a laminar stream. It disperses due to convection and diffusion while flowing through a capillary tube, and the refractive index is measured at its end to sample the concentration distribution. We have used the same apparatus as in previous works 6, 7 . The Fick diffusion matrix is obtained by fitting working equations to the measured signal, i.e. the Taylor peak. The mathematical model of the Taylor dispersion technique was originally developed on the basis of Fick's law in the volume reference frame. In a ternary mixture, consequently two molar fluxes J v i relative to a volume averaged velocity are related to gradients of molar concentration ∇C i with four diffusion coefficients D v i j . Alternatively, fluxes expressed in the molar ref-
erence frame J i are relative to a molar averaged velocity and the mole fraction gradients ∇x i act as driving force Equilibrium molecular dynamics (MD) simulations were employed in this work, allowing for an examination of the microscopic scale. The underlying molecular models were rigid, non-polarizable force fields of united atom type, consisting of a varying number of Lennard-Jones, point charge, dipole and quadrupole sites (cf. supplementary material). Note that the force field parameters were adjusted to pure fluid properties only so that all simulation results for the mixtures are strictly predictive. Diffusion coefficients were sampled with the Green-Kubo formalism, based on integrated correlation functions of net velocities of the contained species 11, 15 . Thereby, phenomenological coefficients ∆ i j were obtained, associating the diffusive fluxes with chemical potential gradients ∇µ i
with gas constant R and temperature T . Fluxes J i correspond to the molar reference frame as Eqs. (1) do.
Diffusion coefficients from experiment and simulation are related to different driving forces so that the chemical potential gradients have to be transformed to the mole fraction gradients for their comparison 18 . This transformation is contained in the thermodynamic factor matrix Γ Γ Γ
with activity coefficient of species i γ i , which expresses the nonideality of a mixture with respect to composition. This relationship shows that Fick diffusion coefficients are actually the product of two contributions, a kinetic ∆ i j and a thermodynamic Γ i j . The separate observation of these two contributions promotes understanding of the underlying physical phenomena. In the present study, the thermodynamic factor was calculated by the Wilson excess Gibbs energy (g E ) model, using parameters fitted to exper- imental vapor-liquid equilibrium data of the binary subsystems (cf. supporting information). This combination of MD simulation results with a g E model was successfully used in preceding work to predict Fick diffusion coefficients, including several binary subsystems of the ternary mixtures studied here 19 . The four elements of the Fick diffusion coefficient matrix were determined for the three ternary mixtures benzene + acetone + methanol / ethanol / 2-propanol for nine different compositions each at ambient temperature and pressure.
Results for the first main element of the diffusion matrix D 11 , which relates the flux of benzene to its own mole fraction gradient, are shown in Figure 1 (a) . The experimental data agree quantitatively with the molecular simulation data. D 11 increases with acetone content in the ternary mixture. Since mixtures with a constant mole fraction of benzene (x 1 = 0.33 mol mol −1 ) were studied throughout, the left edge of Figure 1 (a) corresponds to the binary limit benzene + alcohol, while the right (1) 0.604 (7) edge is benzene + acetone. Analysis of ternary diffusive fluxes implies the following asymptotic behavior of the diffusion coefficients towards the binary limits 7 : (i) in the infinite dilution limit x 2 → 0, the ternary coefficient D 11 tends to the binary Fick diffusion coefficient benzene + alcohol; (ii) in the other limit
Present results from experiment and simulation for D 11 are consistent with these asymptotic limits. An inspection of Figure 1 (a) provides an unexpected finding: the main element D 11 is almost identical for all three mixtures along the examined composition path, i.e. it is independent on the contained type of alcohol. To explain this intriguing behavior of D 11 , the properties of the pure components are considered first, cf. Table 1 .
All five components are liquid at ambient conditions so that their self-diffusion coefficients are on the same order of magnitude. Molar masses M and molar densities ρ, indicating the differences in mass and size of the molecules, give an introductory idea of their diffusion behavior. Benzene molecules are heavier and larger than acetone molecules, resulting in a self-diffusion coefficient D 0 that is only about half of that of acetone. The three alcohols are characterized by increasing mass and size in the order: methanol, ethanol, 2-propanol. Although the methanol molecules are the smallest, due to hydrogen bonding interactions, their self-diffusion coefficient is similar to that of benzene. Molecules associated by hydrogen bonds propagate as an assembly, which significantly slows down their mobility. This is not only the case for methanol, but also for ethanol and 2-propanol. Because these molecules are larger, the bonded clusters are also larger and thus even slower. This hydrogen bonding behavior of alcohol molecules causes micro-heterogeneity and cluster formation in mixtures with other fluids 28, 29 , which influences their kinetic and thermodynamic behavior.
Next, the binary subsystems of the ternary systems with different types of alcohol were examined. The Fick diffusion coefficient of the three binary benzene + alcohol mixtures and that of benzene + acetone is shown in Figure 1 (b). The benzene mole fraction x 1 =0.33 mol mol −1 , which was constant along the ternary composition path, is marked in the plot by a dashed vertical line. The binary Fick diffusion coefficient of all three benzene + alcohol mixtures has almost the same value in the concentration range around equimolar composition. However, in both infinite dilution limits (x 1 → 0 and x 1 → 1), the benzene + methanol system has a higher Fick diffusion coefficient than benzene + ethanol or ben- zene + 2-propanol. The open question is why the Fick diffusion coefficients are similar in a wide composition range. Although these binary data are available in the literature, to our knowledge, they have never been discussed from this point of view.
In a binary mixture, there is only a single Fick diffusion coefficient and Eq. (3) reduces to
where Ð is the Maxwell-Stefan (MS) diffusion coefficient. Ð represents the kinetic contribution to the diffusion behavior, which was sampled here by MD simulation from net velocity correlation functions, while Γ corresponds to the thermodynamic nonideality, which was calculated by the Wilson g E model. Both contributions are separately shown in Figure 2 (a) and (c) for the three binary benzene + alcohol mixtures. The largest kinetic contribution, i.e. MS diffusion coefficient, appears for benzene + methanol, followed by benzene + ethanol, which is also slightly larger than that of benzene + 2-propanol, cf. Figure 2 (a). The same order was observed for the self-diffusion coefficient of the pure alcohols, which also decreases from methanol over ethanol to 2-propanol. The non-ideal composition dependence of the MS diffusion coefficient is a consequence of the hydrogen bonding behavior of the alcohols. The formation of clusters causes a correlated propagation of molecules. This leads to significant contributions of velocity correlations between unlike molecules 12, 14, 30 , which are considered by sampling of the MS diffusion coefficients, cf. supplementary material. The thermodynamic factor exhibits the converse order: benzene mixed with methanol is the most non-ideal with the smallest thermodynamic factor, followed by ethanol and 2-propanol. Multiplying these two contributions leads to a similar Fick diffusion coefficient over a wide composi-tion range of the three binary mixtures. Building on this understanding, we further demonstrate that a similar interplay between kinetic and thermodynamic contributions is responsible for the independence of D 11 on alcohol type for ternary mixtures of benzene and acetone with methanol, ethanol or 2-propanol. It follows from equation (3) that D 11 = ∆ 11 Γ 11 + ∆ 12 Γ 21 . Molecular simulation data show that the first term dominates the sum, while the second term is negligibly small. The kinetic ∆ 11 and thermodynamic Γ 11 contributions of the first term are depicted in Figure 2 (b) and (d) . Indeed, like in the binary case, methanol exhibits the highest kinetic and the lowest thermodynamic contribution, providing that the product ∆ 11 Γ 11 is the same for all considered types of alcohol. It can thus be concluded that the interplay between kinetics and thermodynamics leads to similar binary and ternary diffusion coefficients for mixtures of benzene and acetone with methanol, ethanol or 2-propanol. To examine the clustering behavior of the alcohols in the ternary mixtures, hydrogen bonding statistics were sampled by molecular simulation on the basis of geometric criteria 31 , cf. An important remaining question is, whether the quantitative similarity of the binary and ternary diffusion coefficients can also relate to the second main Fick diffusion coefficient of the studied ternary mixtures. Diffusion coefficient D 22 , characterizing the diffusive flux of acetone under its own mole fraction gradient, is shown in Figure 4 (a) . The presence of benzene affects D 22 , resulting in a less steep increase of that coefficient with higher acetone content. On average, D 22 is 1.5 to 2 times larger than D 11 , which is in agreement with the twice larger self-diffusion coefficient of acetone compared to benzene. D 22 is fairly similar for ethanol and 2-propanol and noticeably higher for methanol. The binary diffusion coefficient of acetone + alcohol, shown in Figure 3 (b) , resembles the behavior of D 22 in the ternary mix- tures. As in the preceding discussion of D 11 and the corresponding binary subsystems, we decomposed the diffusion coefficient We may thus draw the conclusion that for the liquid ternary mixtures benzene + acetone + alcohol, the qualitative behavior of the main coefficients D 11 and D 22 can directly be related to the binary subsystems, including the influence of contained alcohols on the composition dependent diffusion coefficients.
An important feature of ternary diffusion are the cross effects that can not be related to binary behavior. As is often the case, the two cross coefficients of the studied ternary mixtures are significantly smaller than the main ones. The cross coefficient of benzene D 12 , relating the flux of benzene to the mole fraction gradient of acetone, has mostly small negative values for all three ternary mixtures, except for small alcohol concentrations in the mixture with methanol, where it is positive. The second cross coefficient of acetone D 21 must be zero in the limit x 2 → 0, which is confirmed by the trend of the data. In the other limit x 3 → 0, the coefficients are positive and increasing towards the limit of diluted alcohol, with highest values in the mixture with methanol and lowest for 2-propanol. In contrast to the individual elements of the Fick diffusion coefficient matrix, the eigenvalues of the matrix do not depend on the reference frame or on the order of components. Further, a constraint imposed by the second law of thermodynamics is that the eigenvalues of the Fick diffusion matrix must be real and positive for a thermodynamically stable mixture. The eigenvalues of the diffusion matrix obtained by experiment and simulation fulfill these specifications. They show the same variation with composition and dependence on the type of alcohol, which was already observed for the main elements of the diffusion matrix, cf. Figure 5 . The larger eigenvalue D 1 increases with acetone content and shows higher values in the ternary mixture with methanol, while it is slightly lower for ethanol and 2-propanol. This correlates with the behavior of D 22 . The smaller eigenvalue D 2 , like the main coefficient D 11 , is independent on the type of alcohol for the three studied ternary mixtures. Fick diffusion coefficients of three different ternary mixtures, i.e. benzene + acetone + methanol / ethanol / 2-propanol, were analyzed. Two complementary approaches were utilized to obtain reliable data, experiments and molecular simulations. We identified an important feature of this class of mixtures (an aromatic, a ketone and an alcohol): namely that one of the main diffusion coefficients, D 11 , where D 11 < D 22 , and the smaller eigenvalue D 2 are independent on the alcohol type along the studied composition path. This insight was reflected in another finding that the Fick diffusion coefficient of the binary benzene + alcohol subsystems also does not depend on the alcohol type. The underlying mechanism of this unusual behavior was explained by separately considering the kinetic and thermodynamic contributions to the diffusion coefficients. The results presented here provide a promising framework for future systematic investigations of the important and challenging problem of diffusion in multicomponent mixtures. In order to provide a more substantial understanding of phenomena occurring in multicomponent mixtures, the present study can be continued and extended by replacing one main component of the ternary mixture, e.g. benzene, with another aromatic substance, e.g. toluene.
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J o u r n a l Na me 
A Experimental method
The Taylor dispersion technique was used for measurements of binary and ternary diffusion coefficients. In its mathematical model, it is assumed that a homogeneous liquid mixture flows through a long, isothermal and straight tube of length L with a uniform, circular cross-section of radius R 0 , having impermeable walls. The mixture is flowing in a slow, laminar manner with the mean velocity u. An injected narrow concentration pulse is dispersed due to the combined influence of the axial convection and molecular diffusion in radial direction. Further assumptions imply that diffusion coefficients are constant, which is valid if the concentration gradient is small, and no volume change occurs upon mixing. To satisfy the theoretical assumptions, Taylor dispersion experiments were carried out in capillaries with a small diameter. A Teflon (PTFE) tube of length L=(29.839±0.001) m with a circular cross-section radius R 0 =374 µm was used. The capillary was coiled around a grooved aluminum cylinder with a diameter of 30 cm and was placed in a temperature-regulated air bath. A HPLC analytical pump (Knauer S1000) with active pulsation damping was used to push the carrier solution through the dispersion tube. The utilized Knauer Smartline RI Detector 2300 (λ =950 nm) is suited for recording small concentration variations with its differential sensitive refractometer. To prevent bubbles from disturbing the flow, the SYSTEC degassing module was installed and connected in-line before the pump. The flow rate during the measurements was 0.08 mL/min. Zero dead volume fittings were used to connect the capillary with the six port injection valve with injection volume ∆V =20 µL. The RI detector and the dispersion tube were kept in the same air bath at a constant temperature of 298±0.2 K. The detector was connected to a computer for digital data acquisition using the Clarity Software by DataApex. The diffusion equation for each component can then be written in the form 1,2
where t is the time; r and z are the radial and axial coordinates, respectively. In order to obtain an analytical solution of equation (1), an additional assumption is introduced: the axial transport by diffusion is small ∂ 2 C j /∂ z 2 ∂ 2 C j /∂ r 2 + r −1 ∂C j /∂ r , and can be neglected. Under these assumptions, the solution for the radially averaged concentrations of the injected samples can be found in an analytical form 2 .
For a practical implementation, the concentration in the solution of equation (1) is replaced with the output signal V (t) of a differential refractive index detector. Concentration differences ∆C i between the injected sample and the carrier solution must be sufficiently small to ensure that the changes of the detector signal V (t) are proportional to the changes of the concentration across the dispersion profiles
where C i0 are the concentrations in the carrier solution, V k are adjustable parameters of a baseline and R 1 = (∂V /∂C 1 ) C 2 and R 2 = (∂V /∂C 2 ) C 1 is the so-called "detector sensitivity". Following Leaist 3 , the analytical solution of equation (1) for a ternary mixture can be written as
where η = 12(t − t R ) 2 /R 2 0 t , t R = L/u is the retention time andD i are the eigenvalues of the matrix of diffusion coefficientsD
The normalized weight W 1 is defined as
where the parameters a, b and α are
Therein, S R = R 1 /R 2 is the optical sensitivity coefficient, which can be determined either by measuring the refractive indices of mixtures or by the relative ratio of the peak areas 4, 5 . The basic tests and validation of the experimental set-up with binary and ternary mixtures were presented previously 4, 6 . The diffusion coefficients are obtained from the parameters of equation (3) that fit the experimental peaks. Instead of directly fitting D 11 , D 12 , D 21 and D 22 , we have used the parameters a, b and two eigenvalues. In order to determine four diffusion coefficients, two or more dispersion profiles have to be fitted simultaneously. A fit example of two peaks is shown in Figure 1 for the mixture benzene + acetone + methanol with a composition (0.33, 0.57, 0.10) mol mol −1 .
The diffusion coefficient matrix obtained experimentally from the Taylor dispersion technique provides coefficients in the volume reference frame, which have to be be transformed into the molar reference frame for comparison with molecular simulation data.
A.1 Fick diffusive flux equations in different reference frames
Molar fluxes in the volume reference frame (u v = ∑ φ i u i ) are
and in the molar reference frame (u = ∑ x i u i ) they are
with molar density ρ.
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Transformation of Fick coefficients between volume and molar reference frames 7
The transformation of the experimental data from the volume to the molar reference frame (D v i j to D i j ) was done on the basis of pure component volumes. Carrying out dedicated density measurements, it was found that that the differences between partial molar volumes, which have to be used for a strict transformation, and pure component volumes are negligible.
B Computational details and model parameters

B.1 Simulation details
All molecular dynamics (MD) simulations were carried out with the program ms2 [8] [9] [10] . A cubic volume was assumed with periodic boundary conditions containing 4000 molecules. Intermolecular interactions were explicitly evaluated within a cutoff radius of 17.5 Å, considering the LJ long-range corrections beyond the cutoff radius with the angle-averaging method of Lustig 11 and the long-range electrostatic interactions by means of the reaction field method 12 .
The simulations were conducted in the canonic (NV T ) ensemble, while the temperature was controlled by velocity scaling 13 . The simulations were first equilibrated over 4 × 10 5 time steps followed by production runs of 4 to 5 ×10 7 time steps. Newton's equations of motion were solved with a fifth-order Gear predictorcorrector numerical integrator and an integration time step of ∼ 1.02 fs. The phenomenological diffusion coefficients were calculated by averaging up to 4.9 × 10 5 independent time origins of the correlation functions with a sampling length of 20.5 ps for the individual correlation functions.
B.2 Flux equations
Molar fluxes according to irreversible thermodynamics in the mass reference frame (u m = ∑ w i u i )
In equilibrium MD simulation, the mass averaged velocity u m is typically set to zero when the net momentum is set to zero.
Coefficients obtained by MD simulation with the Green-Kubo formalism 14 are
where N is the total number of molecules. The coefficients are constrained by Λ i j = Λ ji and ∑ M i Λ i j = 0.
Because there are only two independent fluxes and driving forces in a ternary mixture, the equations can be transformed to the following form in the molar reference frame
Transformation of the phenomenological coefficients is
Transformation to the Fick diffusion coefficients in the molar reference frame is
Thermodynamic factor matrix for the transformation between different driving forces is 15
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B.3 Wilson excess Gibbs energy model
The elements of the thermodynamic factor matrix can be calculated by the Wilson excess Gibbs energy (g E ) model from 15 Γ i j = δ i j + x i (Q i j − Q in ) ,
with the molar volumes of the pure components v i and the binary Wilson parameters λ i j listed in Table 1 .
B.4 Molecular force fields
Molecular force field model parameters from previous work: benzene 16 , acetone 17 , methanol 18 , ethanol 19 . New force field parameters for 2-propanol. All parameters listed in Table 2 . 
